A major challenge for multiparameter full-waveform inversion (FWI) is the inherent trade-offs (or cross-talk) between model parameters. Here, we perform FWI of multicomponent data generated for a synthetic VTI (transversely isotropic with a vertical symmetry axis) model based on a geologic section of the Valhall field. A horizontal displacement source, which excites intensive shear waves in the conventional offset range, helps provide more accurate updates to the SV-wave vertical velocity. We test three model parameterizations, which exhibit different radiation patterns and, therefore, create different parameter trade-offs. The results show that the choice of parameterization for FWI depends on the availability of long-offset data, the quality of the initial model for the anisotropy coefficients, and the parameter that needs to be resolved with the highest accuracy.
INTRODUCTION
Full-waveform inversion (FWI) can provide a higher resolution model of the subsurface (on the order of wavelength) compared to reflection or traveltime tomography (Pratt, 1999) . Application of FWI to VTI media are typically limited to the acoustic approximation (Plessix and Cao, 2011; Gholami et al., 2013) . Alkhalifah and Plessix (2014) and Alkhalifah (2015) analyze FWI radiation (sensitivity) patterns in acoustic VTI media obtained for different combinations of the P-wave vertical (V P0 ), NMO (V nmo ), and horizontal (V hor ) velocities and anisotropy coefficients ε, δ , and η. The parameter combination (V hor , η, and δ ) minimizes the trade-offs for long offsets and provides the most accurate estimate of the horizontal velocity.
Most elastic FWI algorithms are developed for isotropic models. Sears et al. (2008) develop a methodology to invert multicomponent OBC (ocean-bottom-cable) data from isotropic elastic media for short and intermediate length-scale P-and Swave velocities. Application of this approach to FWI of field data recorded at Alba Field, U.K. is presented by Sears et al. (2010) . Vigh et al. (2014) carry out elastic isotropic FWI of a data set from the Gulf of Mexico. Their algorithm operates with pressure data along with the vertical and horizontal displacements recorded in the OBC survey. Kamath and Tsvankin (2016) devise an elastic FWI algorithm for VTI media and apply it to 2D synthetic transmission data. To gain insight into the inversion results, they present analytic expressions for the radiation patterns of the VTI parameters. Here, we generate multicomponent surface data for a synthetic model based on a geologic section of the Valhall field and apply the FWI methodology of Kamath and Tsvankin (2016) with three parameterizations. Previously we showed preliminary inversion results for this model employing one of these parameterizations (Kamath et al., 2015) . The benefits and shortcomings of each parameterization are discussed using both the FWI results and the corresponding radiation patterns.
METHODOLOGY Inversion methodology
FWI is performed in the time domain by minimizing the leastsquares objective function F defined as the L2-norm of the difference between the observed data and those computed for a trial model. The gradient of the objective function with respect to the stiffness coefficients c i jkl is obtained using the adjointstate method (Kamath and Tsvankin, 2016) :
where T is the trace length, and u and ψ are the source and adjoint wavefields, respectively. The gradient with respect to a chosen model parameter m n is then found as:
Finite-difference modeling is employed to compute the multicomponent displacement field from the elastic wave equation for VTI media. The model is iteratively updated with the L-BFGS-B technique of Byrd et al. (1995) .
Synthetic model and data processing
The synthetic model used in this paper is fashioned after the geology of the Valhall Field in the North Sea (Munns, 1985) . The sampling is increased from 3.125 m to 20 m in both the vertical and horizontal directions to reduce computational cost.
We make the entire model elastic by removing the water column and clip the minimum value of the S-wave vertical velocity V S0 at 700 m/s (Figure 1(b) ). The initial models for all parameterizations are computed by smoothing the actual fields of V P0 , V S0 , V nmo , and V hor ( Figure 2 ).
We use 109 displacement sources placed with an increment of 80 m, and receivers at every grid point; both sources and receivers are at a depth of 20 m. The source signal is a Ricker wavelet with a peak frequency of 3.5 Hz.
To better understand the wavefield, we shoot a fan of rays from the middle of the survey using a VTI ray-tracer ( Figure 3 ). Most of the P-wave diving-wave energy is limited to depths down to 1.5 km. In addition to diving waves, we record reflections from the shallow gas layers (represented by low-velocity horizons) above the reservoir, which is located at a depth of 2.5 km. Hence, we expect to achieve a relatively high spatial resolution for the top 1.5 km of the section. A multiscale approach is employed to perform FWI in the frequency bands 0 − 1.5 Hz, 0 − 3 Hz, and 0 − 5 Hz.
NUMERICAL TESTS Parameterization I
The first test is performed for a parameterization that includes V P0 , V S0 , V nmo , and V hor (Kamath and Tsvankin, 2016) , with the wavefield generated using a vertical displacement source. Figure 4 (a) indicates that the shallow-gas layers are generally well delineated by the updated V P0 -field. The relatively low amplitude of shear waves produced by a vertical source does not allow the algorithm to properly update V S0 (Figure 4(b) ). Although the inverted velocity V nmo matches the trend of the actual curve more closely than the initial model (Figure 4(c) ), the spatial resolution in V nmo is lower than that for V P0 , with noticeable deviations at depths of 1.2 km, 1.5 km, 2.2 km, and 2.5 km. The low-frequency trend of the V hor -field, especially at depths of 1.5 km, 1.8 km, 2 km, and 2.2 km, is close to the actual curve (Figure 4(d) ).
The P-wave radiation pattern ( Figure 5(a) ) indicates that an anomaly in V P0 scatters most of the energy close to the vertical axis of symmetry. Hence, the estimated V P0 -field has relatively high vertical resolution (Wu and Toksöz, 1987) . The maximum energy scattered by a V nmo -anomaly is only 25% of that for V P0 (at incidence angles near 45 • , which correspond to opening angles close to 90 • ). Consequently, the updates in the V nmo -field are limited to a depth of 2.4 km. An anomaly in V hor , on the other hand, scatters energy close to the isotropy plane, which results in low-wavenumber updates mostly in the central part of the model. Although the velocity V hor has a lower spatial resolution than V P0 and V nmo , it is estimated with a higher accuracy than V nmo . Based on the S-wave radiation patterns ( Figure 5(b) ), we expect significant updates in the V S0 -field from both near-and far-offset shear-wave data. However, a vertical displacement source does not generate intensive shear waves in the recorded offset range, which suppresses updates in V S0 .
Overall, parameterization I helps resolve the P-wave vertical velocity V P0 , but the other Thomsen parameters for our synthetic survey are not well-constrained. There is no trade-off between V P0 and the other velocities for relatively small opening angles, which ensures accurate V P0 -updates. Hence, if only conventional-offset data (with the maximum offset-to-depth ratio close to unity) are available, it is advantageous to invert for V P0 using parameterization I.
Next, we perform FWI for data generated with an oblique displacement source, whose vertical and horizontal components are equal. Such a source generates more intensive shear waves in the recorded offset range, which results in better updates for (Figure 5(b) ). Overall, intensive shear waves bring in more information and help resolve the V S0 -field, but also create additional trade-offs for parameterization I. Still, to exploit the shear-wave information, the oblique source is employed in all tests for the other two parameterizations.
Parameterization II
Next, we perform the inversion using parameterization II (after Alkhalifah and Plessix, 2014) , which includes V 2 nmo , V 2 S0 , (1 + 2η), and (1 + 2δ ); the squared velocities are normalized by the respective initial values (Figure 2) . The P-wave radiation pattern of an anomaly in V nmo is "isotropic" (Figure 6 (a)), with energy scattered evenly over the full range of angles. The radiation patterns exhibit trade-offs between V nmo and δ for small opening angles and between V nmo and η for large angles (Figure 6(a) ).
The P-and SV-wave radiation patterns for V S0 are similar to those for parameterization I. The SV-wave radiation patterns (Figure 6(b) ) indicate trade-offs between V S0 and η for intermediate opening angles. The updates in the V S0 -field are accurate down to a depth of 2 km (Figure 7(b) ), which indicates that the objective function is more sensitive to the velocity V S0 than the coefficient η. A purely isotropic P-wave radiation pattern for V nmo combined with a higher sensitivity to this velocity (Plessix and Cao, 2011) makes parameterization II most suitable for estimating this parameter from data recorded for a wide offset range. Indeed, employing parameterization II results in a marked improvement (compared to parameterization I) in the V nmo -field. At depths of 1.2 km, 2.2 km, and 2.5 km (Figure 7(a) ), the inverted V nmo matches the actual values better than for parameterization I. Because the initial η-and δ -fields are relatively close to the actual models, the updates in both anisotropy coefficients are insignificant (Figures 7(c) and 7(d) ). Therefore, parameterization II should be useful in cases when not only a wide range of offsets is recorded, but also prior estimates of the η-and δ -fields are sufficiently accurate.
Parameterization III
Finally, the inversion is carried out for parameterization III [V 2 hor , V 2 S0 , (1 + 2η), and (1 + 2ε)], with the squared velocities normalized by their initial values (after Alkhalifah and Plessix, 2014) . The P-and SV-wave radiation patterns for an anomaly in V S0 are similar for all three parameterizations, and the SV-wave pattern for η coincides with that for parameterization II. For parameterization III, the velocity V hor has a purely isotropic P-wave radiation pattern (Figure 8(a) ), which was the case for V nmo in parameterization II. Trade-offs exist between V hor and ε for small opening angles, and between V hor and η for intermediate opening angles. Because V hor has no trade-offs with any other parameter for large opening angles, diving waves can be employed to accurately update the long-wavelength V hor -field (Alkhalifah, 2015) .
In agreement with the results of Alkhalifah (2015) for acoustic media, for this parameterization V hor is the best constrained parameter (Figure 9(a) ). The updates in the η-and ε-fields, which are relatively close to the actual values to begin with, are insignificant (Figures 9(c) and 9(d), respectively). The main advantage of this parameter combination over parameterization II is that diving waves can be inverted for an accurate low-wavenumber V hor -field. High-resolution estimates of V hor can be obtained from conventional-offset data if the coefficient ε is well-constrained a priori.
CONCLUSIONS
We performed time-domain elastic FWI for a synthetic model based on a geologic section of the Valhall field. Parameterization I (V P0 , V S0 , V nmo , and V hor ) yields a high-resolution V P0 -field even with conventional-offset data, if the initial model does not produce cycle-skipping. To build an accurate lowwavenumber model of V hor , it is necessary to use diving waves or wide-angle reflections. For parameterization II [V 2 nmo , V 2 S0 , (1+2η), and (1+2δ )] the velocity V nmo has a purely isotropic radiation pattern, which allows the algorithm to generate adequate low-wavenumber updates in V nmo , provided the initial η-field is sufficiently accurate. The main advantage of parameterization III [V 2 hor , V 2 S0 , (1 + 2η), and (1 + 2ε)] is that diving waves tightly constrain the V hor -field because there are no trade-offs for long-offset data. A high-resolution model of V hor can, however, be obtained only with an accurate a priori estimate of the ε-field. The insights from these synthetic experiments should help in choosing the most suitable parameterization for different inversion scenarios.
